G protein-coupled receptors (GPCRs) are heptahelical integral membrane proteins that play a critical role in cell signaling.^[@ref1],[@ref2]^ The pivotal role that GPCRs play in intercellular communication and their pharmacological accessibility on the cell surface make them highly tractable drug targets, with 34% of current Food and Drug Administration-approved small molecule drugs targeting GPCRs.^[@ref3]^ Although there have been more than 360 structures of GPCRs published in the past two decades, ∼81% of nonsensory human GPCRs have yet to be crystallized or had a structure determined by single-particle electron cryo-microscopy (cryo-EM). Thus, there is still a need for additional high-resolution GPCR structures, to gain greater insights into their precise mechanism of action and to facilitate rational drug design.^[@ref3]^ The challenge in obtaining three-dimensional structures of GPCRs begins with the their overexpression and purification. Primarily, the major impediment to GPCR purification, or any membrane protein for that matter, is the lack of stability of GPCRs in a detergent solution during purification.^[@ref4]^ Detergents such as dodecyl maltoside (DDM) and octyl thioglucoside (OTG) have been used for GPCR purification and crystallization, but only for stable GPCRs such as rhodopsin,^[@ref5]^ A~2A~R,^[@ref6]^ and the β~2~-adrenoceptor,^[@ref7]^ or receptors that have been thermostabilized.^[@ref8]^ Branched amphiphiles such as the maltose-neopentylgylcols (MNGs)^[@ref9]^ have been shown to impart greater stability than detergents containing a single alkyl chain, and LMNG in particular has been very successful in GPCR purification. The neopentylglycols feature a central quaternary carbon atom, which places subtle restraints on conformational flexibility.^[@ref10]−[@ref12]^ Octylglucose neopentylglycol (OGNG) is the smallest neopentylglycol and was used to determine the structure of the β~1~-adrenoceptor^[@ref8]^ and rhodopsin coupled to mini-G~o~.^[@ref13]^

Lauryl maltose neopentyl glycol (LMNG), which consists of two maltose units in their hydrophilic domain and two *n*-dodecyl chains appended to a quaternary central carbon, has been used extensively to purify multiple GPCRs such as β~2~-adrenergic receptor (β~2~AR), opioid receptors, muscarinic receptors, and the neurotensin receptors.^[@ref14]−[@ref23]^ The receptors were then subsequently crystallized in a lipidic cubic phase, which strips the detergent away from the receptor when it is embedded in the monoolein bilayer.^[@ref24]^ More recently, structures have been determined by single-particle cryo-EM of GPCR complexes in LMNG.^[@ref25]^

Although LMNG has been used widely in GPCR purification, the mechanism by which it stabilizes GPCRs better than its counterpart DDM remains unclear. This understanding is essential for developing newer detergents for stabilizing less stable GPCRs for which there is no structural information. Previously, we used atomistic molecular dynamics (MD) simulations of the thermostabilized mutant of adenosine receptor A~2A~R in DDM, *n*-decyl β-[d]{.smallcaps}-maltoside (DM), *n*-nonyl β-[d]{.smallcaps}-glucoside (NG), and *n*-octyl β-[d]{.smallcaps}-glucoside (OG) to study the stability of GPCRs embedded in detergent micelles.^[@ref26]^ We found that the short chain glucosides occlude less of the hydrophobic surface of the transmembrane region of GPCRs, compared to long chain glucosides or maltosides. OG shows high mobility in the micelle and destabilizes the GPCR through loss of helicity and interhelical packing interactions. In the study presented here, we used MD simulations to understand the stabilization conferred by the LMNG detergent on the thermostabilized mutant of human A~2A~R compared to DMNG and OGNG. We refer to the inactive state of the thermostabilized mutant of A~2A~R (StaR2),^[@ref27]^ called tA~2A~R hereafter unless specified. We also studied the stability of the wild type human A~2A~R (WT-A~2A~R) and wild type human β~2~AR (WT-β~2~AR) in the branched detergent LMNG compared to its unbranched counterpart DDM. The WT-A~2A~R and WT-β~2~AR have been shown to be more stable in LMNG than in DDM.^[@ref28]^ Our results show that LMNG stabilizes GPCRs better than DDM through more effective packing of its alkyl chains around the hydrophobic transmembrane region of the receptor. We also observed that LMNG forms bifurcated hydrogen bonds between its two polar head groups and the intracellular and extracellular regions of TM helices and loops. The bifurcated hydrogen bonds make the receptor less flexible. Both of these factors result in higher energies of interaction between LMNG molecules in the micelle and between LMNG and the receptor compared to those observed for DDM.

Results {#sec2}
=======

Measurement of the Apparent *T*~m~ for the A~2A~R Thermostable Mutant of the Inactive State in Branched Detergent Micelles {#sec2.1}
--------------------------------------------------------------------------------------------------------------------------

As described in [Methods](#sec4){ref-type="other"}, we measured the apparent melting temperature of tA~2A~R bound to the antagonist ZM241385 in three detergent micelles, namely, LMNG, DMNG, and OGNG. It was important to use the thermostabilized version of A~2A~R for these studies, because the wild type A~2A~R is not stable in very short chain detergents such as OGNG and therefore an accurate apparent melting temperature (*T*~m~) would not have been possible to measure. We observed that tA~2A~R is more stable in LMNG than in DMNG or OGNG, with the respective apparent *T*~m~ values being 44.2 ± 0.2, 33.9 ± 0.2, and 24.2 ± 0.6 °C, respectively. The measurements of stability for β~2~AR were extracted from literature.^[@ref9]^

For studying the mechanism of stability of tA~2A~R and β~2~AR in the branched detergent micelles, atomistic MD simulations were performed on receptors embedded in LMNG, DMNG, OGNG, and DDM micelles (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A for the structures of the detergents). The simulations were started from the antagonist-bound inactive state of the two receptors, namely, the antagonist ZM241385 bound to A~2A~R \[Protein Data Bank (PDB) entry 3PWH\]^[@ref27]^ and antagonist carazolol-bound β~2~AR (PDB entry 2RH1).^[@ref29]^ We used 192 molecules of DDM and 96 molecules of LMNG, DMNG, and OGNG to build the micelles (see [Methods](#sec4){ref-type="other"} for more details).

![Stability of the tA~2A~R--detergent complexes. (A) Chemical structures of the detergents used in this study. (B) Comparison of the calculated nonbond energy of the transmembrane (TM) region of tA~2A~R (black) and WT-β~2~AR (red) in different detergent micelles to the measured apparent *T*~m~. (C) Total enthalpic stability (Δ*H*) of tA~2A~R. The total nonbond energy of the TM regions of tA~2A~R is shown, including the energy of receptor--detergent interactions and receptor--water interactions, averaged over the MD trajectories. The total number of sustained (\>50% of the MD simulation snapshots) interhelical hydrogen bonds and van der Waals interactions of tA~2A~R in different detergent micelles is depicted in the bottom panel.](bi0c00183_0001){#fig1}

Receptor--Detergent Complex Geometry and Stability of the Receptor--Detergent Complex {#sec2.2}
-------------------------------------------------------------------------------------

After assembly of the receptor--detergent complex (RDC) using CHARMM GUI,^[@ref30]^ RDC was equilibrated and subjected to five MD simulations, 250 ns each. To validate the MD simulations, we compared the experimentally measured *T*~m~ to the calculated total energy (enthalpic contribution only) of the RDCs in the transmembrane regions, from the MD trajectories that reflect its stability ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The total energy of the RDC includes the receptor nonbond energy, receptor--detergent interaction energy, and receptor--water interaction energy for the transmembrane (TM) region of the receptors.

The ordering of the calculated total energy of tA~2A~R and WT-β~2~AR in LMNG, OGNG, DMNG, and DDM is similar to that of the measured *T*~m~, suggesting that the RDC models are good for understanding the stability of GPCRs in detergents.^[@ref26]^ The internal energy (enthalpy) of tA~2A~R is 370 kcal/mol better in LMNG than in OGNG. The total internal energy of WT-β~2~AR is 116 kcal/mol lower in LMNG than in DDM. It should be noted that this is just the enthalpy of the folded state of the receptors. The apparent *T*~m~ of β~2~AR in DMNG and OGNG has not been published, so we could not include them in our analysis. The calculated nonbond energies of the receptor alone and receptor--detergent interactions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C and [Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)) contribute significantly to favor the RDC stability of both tA~2A~R and WT-β~2~AR in LMNG compared to OGNG. We calculated the total number of interhelical hydrogen bonds and van der Waals contacts that are sustained (over 50% of the MD snapshots) over the course of MD simulations in tA~2A~R and WT-β~2~AR in LMNG, DMNG, and OGNG ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C and [Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). The number of interhelical H-bonds (colored red) and van der Waals contacts (colored blue) within both tA~2A~R and WT-β~2~AR are higher in the LMNG micelle than in DMNG, OGNG, and DDM micelles.

Shape of the Receptor--Detergent Complex {#sec2.3}
----------------------------------------

We analyzed the shape of the receptor--micelle complex and calculated its eccentricity. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and [Figure S2B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf), the representative structure of the most populated conformation ensemble for tA~2A~R and β~2~AR micelle complexes forms oblate spheroids.^[@ref31],[@ref32]^ LMNG forms the most oblate spheroid compared to DMNG and OGNG as shown in [Figure S2A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B and [Figure S2C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf) show the population density distribution of the eccentricity of the spheroids for both tA~2A~R and WT-β~2~AR, respectively. The data for WT-β~2~AR simulation are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf).

![Representative structures of tA~2A~R--detergent complexes extracted from the MD simulations. (A) The hydrophobic tail of the detergent is shown as cyan spheres, and the hydrophilic atoms in the head group are colored red. (B) Calculated eccentricity of tA~2A~R in four different micelle systems defined as the ratio of the short axis to the long axis (*a*/*b*). The two peaks in the bimodal distribution of the eccentricity of the tA~2A~R--DDM complex are denoted by numerals 1 and 2 (black curve). Representative structures (Methods) of tA~2A~R embedded in DDM corresponding to these two peaks are shown in panel A as DDM (1) and DDM (2). (C) Water density representation within 3.5 Å of tA~2A~R during MD simulations. Volumetric density maps were contoured by iso-surface treatment by Volmap of VMD software.^[@ref33]^](bi0c00183_0002){#fig2}

The eccentricity of the RDC of both tA~2A~R and WT-β~2~AR in DDM shows two peaks. The peak closer to that of LMNG shows a more oblate structure (DDM 1 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), and the other that is farther away shows a more spherical shape (DDM 2 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The bimodal distribution of the eccentricity in DDM indicates that the RDC is more flexible in DDM than in other detergents (black curve, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The results of the energy analysis and eccentricity taken together show that although the RDC spheroids in DDM are similar to those in LMNG they are not as tightly packed as in LMNG. Our previous study of A~2A~R showed that they form "oblate" spheroids in DM and OG.^[@ref26],[@ref34]−[@ref36]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C shows water density near the TM regions of tA~2A~R, showing fewer waters in the LMNG system than in the OGNG system, highlighting the tighter packing in the LMNG--A~2A~R complex. The corresponding results for WT-β~2~AR are shown in [Figure S2D](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf).

Conformational Heterogeneity and Receptor Dynamics {#sec2.4}
--------------------------------------------------

The conformational heterogeneity of the receptor and the stability of its structure when inserted in a detergent micelle were investigated by analyzing the MD simulations. Snapshots of tA~2A~R and WT-β~2~AR were clustered according to the structural deviation from the crystal structure using the root-mean-square deviation in C~α~ atom coordinates and percentage helicity retained in the TM α-helices during the dynamics.

Both of these properties indicate the extent of unfolding of the receptor structure in the detergent micelle. Both tA~2A~R and β~2~AR exhibit less unraveling of the receptor structures in LMNG micelles than in DMNG, OGNG, and DDM micelles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and [Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). Interestingly, the structural ensemble of tA~2A~R in its lipid bilayer environment \[represented by the palmitoyloleoylphosphatidylcholine (POPC) bilayer\] shows high helicity just like LMNG. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf) show the flexibility of each amino acid in tA~2A~R and WT-β~2~AR, respectively, as a heat map on the structures. The flexibility is quantified by the root-mean-square fluctuation (RMSF) from the average structure extracted from the MD simulations. Both tA~2A~R and WT-β~2~AR in the OGNG micelle show considerable deviations from the crystal structure, especially in TM2 and TM7. This is similar to what we observed in our previous study of the effects of DDM, DM, and OG on GPCR structure, where the harsher the detergent, the greater the deviation from the crystal structure and the lower the α-helicity of the TM regions.^[@ref26]^ Each of the TM regions in tA~2A~R maintains a stable α-helix in DDM and DM simulations but shows a relatively low helicity (50--70%) in OG.

![Conformational heterogeneity of the inactive state of tA~2A~R in the POPC lipid bilayer, LMNG, DMNG, OGNG, and DDM. (A) Distributions of the average helicity of all TM region residues and RMSD (root-mean-square deviation) of each MD snapshot of tA~2A~R. Simulations of tA~2A~R (PDB entry 3PWH) were performed in POPC, LMNG, DMNG, OGNG, and DDM micelles. The red dotted lines in the figure show the average helicity of the crystal structure of tA~2A~R. (B) Residue-based thermal *B*-factor calculated from the RMSF (root-mean-square fluctuation) of tA~2A~R from the MD simulations in POPC, LMNG, DMNG, OGNG, and DDM detergent complexes shown as a heat map. The loop regions and helix 8 colored white have been omitted from the representation for the sake of clarity.](bi0c00183_0003){#fig3}

Packing of the Detergent Micelle around the Receptor {#sec2.5}
----------------------------------------------------

To understand the details of the detergent packing around the receptor, we calculated the distribution of the density of the head group and tail group of the detergent molecules in the micelles around tA~2A~R and β~2~AR using a radial distribution function for each detergent ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A and [Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). The densities of the hydrophobic tail group of both LMNG and its unbranched counterpart DDM, are high within 10 Å of the receptor compared to those of DMNG and OGNG. The density of the polar head group peaks around 25--30 Å in LMNG and DDM for both tA~2A~R and β~2~AR. In contrast, the head and the groups show similar densities at 10 Å in OGNG. This is due to tumbling of the detergent molecules in the micelle. The spatial distribution of a selected detergent molecule shows that the LMNG molecule is less mobile in the micelle than are other detergents ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B and [Figure S4B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). Individual LMNG detergent molecules diffuse relatively slowly, and thus, the position of a given molecule varies little with time ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). In contrast, molecules of OGNG tumble and thus are flexible within the micelle ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Tumbling of LMNG or DMNG was not observed within the simulation time. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D and [Figure S4C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf) show the volumetric density distribution of any tail carbon within 4 Å of a residue in the receptor. In the LMNG micelle, there is a higher density of the hydrophobic aliphatic "tail" groups being closer to the receptor than in DMNG, OGNG, and DDM. Thus, LMNG forms a stiffer micelle around both tA~2A~R and WT-β~2~AR, providing the hydrophobic coverage of the TM regions of the receptor.

![LMNG micelle showing tight packing around the receptor. (A) Radial distribution function (RDF) plot for the density for either the head group (red) or tail group (black) of the detergents as a function of distance from tA~2A~R in LMNG, DMNG, OGNG, and DDM. The inset and corresponding number are the RDF area difference from tail to head group within 1.0 nm (10 Å). (B) Spatial distribution (SDF) plots of the detergent molecules for LMNG, DMNG, OGNG, and DDM detergents near tA~2A~R from the most populated ensemble. The initial position of the detergent molecules is shown in stick representation, and the resultant spatial distributions are shown as dots: cyan (end carbon in the tail group) and red (the ether oxygen atom of the first sugar ring). (C) Close-up of the SDFs from panel B. (D) Volumetric density of the tail carbon within 4 Å of each residue in the tA~2A~Rs. See [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf) for data on β~2~AR simulations.](bi0c00183_0004){#fig4}

Effect of Branching in LMNG Compared to Its Unbranched Counterpart DDM {#sec2.6}
----------------------------------------------------------------------

The thermostable mutant of the inactive state of A~2A~R does not show a difference in thermostability in LMNG and DDM. However, Ashok et al. showed that the wild type A~2A~R shows a higher thermostability in LMNG by 11 °C compared to that in DDM. To understand the difference between the branched chain detergent LMNG and its counterpart DDM (see [Figure S5A](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)), we performed simulations on the WT-A~2A~R in LMNG and DDM.^[@ref28]^

The receptor--detergent interaction energy as well as the detergent--detergent packing energy within the RDC is more favorable by 15--17% as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A for the WT-A~2A~R in LMNG than in DDM. The enthalpic gain in receptor packing energy comes from enhanced interhelical van der Waals contacts ([Figure S5B](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). The LMNG detergent molecules show intertwining of the polar head groups as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, making multiple hydrogen bonds between the polar head groups. The number of hydrogen bonds among the polar head groups in LMNG compared to DDM is higher as seen from the time series plot of the number of hydrogen bonds in [Figure S5C](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf). This enthalpic gain in the hydrogen bonds between the head groups in LMNG is absent in DDM because it is more mobile compared to the branched LMNG. The restricted mobility of LMNG compared to DDM within the RDC complex is evident from the density distribution of its atoms over the course of the MD simulations of a typical LMNG and DDM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) and also from the RMSF of each detergent molecule ([Figure S5D](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). Additionally, the density of the hydrophobic contacts between the tail groups of LMNG and the TM region of WT-A~2A~R is higher in LMNG than in DDM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D and [Figure S5E](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). The restricted mobility and favorable packing of detergent molecules among the LMNG molecules come from the strong hydrogen bonding potential among the head groups. Thus, branching the two mobile hydrophobic alkyl chains in DDM through a central carbon as in LMNG reduces the entropy of the RDC and the extent of packing of the detergents within the micellar particle. This leads to improved stability of WT-A~2A~R in LMNG compared to that in DDM.

![Effect of branched tail groups in LMNG compared to their unbranched counterpart DDM on the stability of the wild type A~2A~R (WT-A~2A~R). (A) Average nonbond interaction energy between the WT-A~2A~R and LMNG or DDM molecules averaged across the MD simulation trajectories. Also shown is the average nonbond interaction energy between the detergent molecules in LMNG and DDM receptor complexes. (B) Internal structure of a representative LMNG and DDM molecule in the WT-A~2A~R--LMNG and WT-A~2A~R--DDM RDCs. The two chains in LMNG or the two monomers of DDM are colored differently, and the oxygen atoms of the hydrophilic head group are colored red. (C) Spatial distribution plots of a typical LMNG or DDM molecule near the WT-A~2A~R during the MD simulations. The head group is colored red, and tail groups are colored blue. (D) Volumetric density of tail carbon atoms of detergent within 4 Å of each WT-A~2A~R.](bi0c00183_0005){#fig5}

Branched Detergents Reduce the Flexibility of Intracellular Regions of the Wild Type A~2A~R Similar to POPC in the Bilayer {#sec2.7}
--------------------------------------------------------------------------------------------------------------------------

During the MD simulations of WT-A~2A~R in LMNG, we observed the two polar groups of LMNG form persistent bifurcated hydrogen bonds with polar residues in the intracellular regions of the helices and loops ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)). The bifurcated hydrogen bonds between TM helices reduce the flexibility of the receptor in the intracellular regions. This also facilitates the formation of favorable packing interactions within the receptor. A two-dimensional schematic of the hydrogen bond patterns is also shown for the sake of clarity in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A. The intramolecular hydrogen bonds between the head groups in LMNG (shown as black dotted lines in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A) are essential for keeping the two arms of the LMNG molecule in the same plane for making bifurcated hydrogen bonds with the receptor. Such bifurcated hydrogen bonds were also formed by the phosphate and choline head groups in the POPC lipid during MD simulations of WT-A~2A~R in the POPC bilayer ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). These MD simulation trajectories in the POPC bilayer were taken from our previous work.^[@ref37]^ However, such bifurcated hydrogen bonds were absent in the unbranched DDM detergents ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). Similar bifurcated hydrogen bonds were identified in the intra- and extracellular regions of the receptor as shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf).

![Branched detergent LMNG forms bifurcated hydrogen bonds between TM helices and loops in WT-A~2A~R. WT-A~2A~R is shown in white cartoon representation, and the detergents and POPC are shown in ball-and-stick representation (oxygen atoms of the polar head groups shown as red spheres). The hydrogen bonds within the receptor are shown as green dotted lines, those between LMNG and the receptor as blue dotted lines, those within the LMNG molecule as black dotted lines, and those that are broken as red dotted lines. (A) Bifurcated hydrogen bonds formed by the two polar head groups of LMNG. The two-dimensional schemes of the hydrogen bond patterns are also shown (bottom). The quaternary carbon atom of LMNG is denoted with an asterisk. (B) Bifurcated hydrogen bonds formed by the POPC head group and WT-A~2A~R in the lipid bilayer. The two-dimensional (2D) scheme of the hydrogen bonds is also shown (bottom). (C) Hydrogen bonds between DDM and the receptor and the 2D scheme (bottom). The Ballesteros--Weinstein (BW) residue numbering scheme is shown as superscripts.](bi0c00183_0006){#fig6}

Discussion {#sec3}
==========

The class of novel branched neopentylglycol of amphiphiles has been shown to stabilize multiple GPCRs much more robustly than its unbranched counterparts.^[@ref8]^ LMNG is a widely used member of the MNG series with a central carbon that connects the two chains of a single chain counterpart detergent DDM. Although LMNG has been used widely, the basis of how it stabilizes the GPCR structures compared to two molecules of DDM is unknown. Such knowledge is critical to the further design of detergents to solubilize \>80% of GPCRs for which structures have not been determined.^[@ref3]^ Here we have used MD simulations to study the stabilization forces in the receptor--detergent complexes of two GPCRs A~2A~R and β~2~AR. We have studied the thermostable mutant and the wild type of A~2A~R and wild type β~2~AR in four different detergents, namely, LMNG, DMNG, OGNG, and DDM.

The receptor--LMNG complex shows favorable energetics compared to those of the other three detergents studied here (DMNG, OGNG, and DDM). Although the internal nonbond energy of the receptors is similar in all four detergent complexes, the interaction energy of the receptor transmembrane region with the detergents is more favorable in LMNG than in the other detergents. The difference in the packing of the detergent molecules within the receptor--detergent complex is the major cause of the differences in stability between the LMNG complex compared to the other three detergents. The short chain detergent OGNG is flexible and tumbles within the complex, as previously observed for its single-chain counterpart OG.^[@ref26]^ This leads to increased flexibility within the complex and therefore weaker interactions of the detergent with the receptors. All of the results for LMNG, DMNG, and OGNG are qualitatively similar to those of our previous study on DDM, DM, NG, and OG.^[@ref26]^ This indicates that the introduction of the central quaternary carbon in the neopentylglycol detergent series did not fundamentally alter the basic properties of their behavior. Thus, the smaller the head group and the shorter the aliphatic tail, the more the detergent tumbles, the more motion there is in the receptor, and the less stable the receptor is.

LMNG is essentially two DDM molecules fused through a central quaternary carbon. The fusing of the chains in LMNG constrains the polar atoms in the maltoside head group to be near each other, thus favoring the formation of sustained hydrogen bonds between the head groups in the receptor--detergent complex. This favorable enthalpic effect is reduced in DDM because the two chains are free to move and hence the hydrogen bonds between the head groups are not sustained. Thus, we have shown that LMNG forms a tightly packed micelle around the receptor with a high degree of coverage of the hydrophobic surface of the transmembrane regions of the receptors by their hydrophobic tail groups compared to other members of the series, namely, DMNG and OGNG, and its single-chain counterpart DDM. This tight packing of the detergent molecules among themselves stabilizes the receptor conformations, promoting conformational homogeneity and enhancing the interhelical packing interactions in the GPCRs.

The receptor flexibility at the edge of TM helices and loops on the extracellular and intracellular sides is reduced by LMNG compared to DDM. This is due to the two polar head groups of LMNG forming bifurcated hydrogen bonds across TM helices and loops. This also facilitates new polar and hydrophobic contacts between adjacent TM helices. Such stabilizing features were also observed in the POPC bilayer and not in DDM. Thus, the edges of TM helices remain flexible in DDM. We posit that this could be a reason why GPCRs show a higher activity in DDM than in LMNG.

It is not possible to know all of the factors that contribute to the difference in thermal stability of the receptor--detergent complexes with a single alkyl chain and branched alkyl chain detergent. However, we have identified that the presence of a central quaternary carbon in branched micelles like MNGs would allow less flexibility of the detergent alkyl chain relative to single-chain DDM. This restricted mobility of detergents would reduce the dynamic nature of the receptor--detergent complex, resulting in enhanced stability. We also find that the double sugar rings are essential to reduce the flexibility and tumbling of detergents in the complex. It will be interesting to investigate the effect of the central carbon on micellar properties in the context of various detergent architectures.

Methods {#sec4}
=======

Experimental Measurement of *T*~m~ of tA~2A~R in Detergents {#sec4.1}
-----------------------------------------------------------

The receptor was expressed in HEK293T cells by transient transfection (GeneJuice, Merck), maintained in culture in DMEM with 10% FBS (Sigma-Aldrich) for 36 h at 37 °C, and the thermostability assessed by measuring binding of 100 nM \[^3^H\]ZM241385 (American Radiolabeled Chemicals) for 60 min at 4 °C and then for 30 min at a range of temperatures. The excess and unbound radioligand were separated using gel filtration mini-columns following solubilization (∼10 × 10^6^ cells) in 800 μL of buffer \[50 mM Tris-HCl (pH 7.4), 250 mM NaCl, and 100 nM \[^3^H\]ZM241385\] containing either 2% LMNG, 2% DMNG, or 3% OGNG (all detergents sourced from Anatrace) for 1 h at 4 °C, and then lysates cleared by centrifugation at 16000*g* for 15 min. Fifty microliter portions of lysate samples were heated at different temperatures for 30 min and applied to 300 μL of gel slurry pre-equilibrated in solubilization buffer and packed prior to addition of lysate. The bound ligand fractions were separated from the free ligand by centrifugation at 200*g* for 5 min, and the elutions measured for radioactivity by the addition of 180 μL of a liquid scintillant; the levels of retained radioligand were then determined using a liquid scintillation counter. The *T*~m~ values measured in this work are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf).

Systems Used for Molecular Dynamics Simulations {#sec4.2}
-----------------------------------------------

We used atomistic molecular dynamics (MD) simulations to investigate the effect of various detergents on GPCR stability, which has a significant impact on membrane protein extraction, solubilization, and purification. For this study, we considered three detergents, OGNG, DMNG, and LMNG,^[@ref8],[@ref39],[@ref40]^ to examine their effects on two class A GPCRs (human β~2~AR and human adenosine A~2A~R). We performed simulations on the antagonist-bound inactive state of the thermostabilized mutant of human adenosine tA~2A~R, wild type A~2A~R, and the antagonist-bound inactive state of wild type β~2~AR in four different detergents as detailed below. We performed five independent velocity MD simulations, 250 ns each, totaling 1.25 μs for each receptor--detergent complex ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf)).^[@ref38]^

Construction of Receptor--Detergent Complex Structures {#sec4.3}
------------------------------------------------------

The *Micelle Builder* module^[@ref41]^ in CHARMM-GUI^[@ref30]^ was used to build the starting structure of the receptor--detergent complexes for three detergents (OGNG, DMNG, and LMNG). We used 96 monomers of OGNG, DMNG, and LMNG to surround the GPCRs simulated on the basis on an experimental study, which concluded that the number of LMNG monomers required to shield the hydrophobic region of a membrane receptor was half of the number of DDM monomers.^[@ref9]^ We used 192 monomers of DDM in our previous study to construct a receptor--detergent complex for human A~2A~R (class A GPCR) that recapitulated the experimental properties of the receptor--detergent micelle.^[@ref26]^ We chose LMNG, DMNG, and OGNG to understand how the difference in head and tail length affects the GPCR stability despite having the same number of detergent monomers in the receptor--detergent complex systems. For simulations in a membrane, the tA~2A~R structures was solvated in explicit 128 lipid (POPC). These simulations were performed in our previous work.^[@ref26]^ We used these simulation trajectories from our previous work.

Building of the Receptor--Micelle Complex {#sec4.4}
-----------------------------------------

All of the MD simulations were performed using the GROMACS package^[@ref42]^ with the GROMOS force field.^[@ref43]^ The initial coordinates of A~2A~R with antagonist ZM241385 bound and β~2~AR with antagonist carazolol bound were taken from PDB entries 3PWH([@ref27]) and 2RH1,^[@ref29]^ respectively. The A~2A~R thermostable mutant in the inactive state contains eight mutations (A54L^2.52^, T88A^3.36^, R107A^3.55^, K122A^4.43^, L202A^5.63^, L235A^6.37^, V239A^6.41^, and S277A^7.42^). The A~2A~R and β~2~AR were inserted into each of the three detergent micelles built as described above. The receptor--detergent complex was constructed by inserting the receptor into hollow micelles. The partial atomic charges for each ligand are the ESP charges calculated using the HF-631G\*\* method as implemented in the Jaguar program of the Schrödinger suite.^[@ref44]^ The bonded and nonbonded parameters of the ligands were obtained using the web utility PRODRG.^[@ref45]^ Each of the prepared structures was minimized in energy using the steepest descent (SD) method in GROMACS. We retained all of the crystal waters and added counterions to neutralize each system. We used the SPC force field for the waters in the simulations. Each system was replicated and assigned with different initial velocities to generate five independent simulations, resulting in a total of 30 simulations.

MD Simulation Protocol {#sec4.5}
----------------------

GROMACS ver. 2016 was used for all MD simulations in this study. The receptor--detergent system and solvent waters were independently coupled to a temperature bath with a relaxation time of 0.2 ps.^[@ref46]^ The pressure was calculated using a molecular virial and held constant by weak coupling to a pressure bath with a relaxation time of 0.5 ps. For all of the equilibration simulations, the receptor was positionally restrained, and the simulations were performed at constant pressure (*NPT*). The bond lengths and geometry of the water molecules were constrained using the SHAKE algorithm.^[@ref47]^ For equilibration of the receptor--detergent complexes, the atoms of the protein were positionally restrained using a harmonic restraining force with a force constant of 10000 kJ mol^--1^ nm^--1^ during the 1 ns equilibration at 310 K. In this step, the water molecules and detergent could be moved to optimize their packing around the receptor. The system was further equilibrated using the *NPT* ensemble, while the force constant of the restraining force was set to 2100 kJ mol^--1^ nm^--1^ and reduced to zero stepwise each 2.5 ns. At this point, the pressure coupling was switched on. We performed an additional 5 ns of simulations without restraints before the production runs. Five independent simulations each to 250 ns were performed with different starting velocities. The details of the methods used for calculating properties calculated from MD simulation trajectories are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.biochem.0c00183](https://pubs.acs.org/doi/10.1021/acs.biochem.0c00183?goto=supporting-info).Details of analysis methods, data tables, and supporting figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00183/suppl_file/bi0c00183_si_001.pdf))
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